Polypyrrole-multiwall carbon nanotube (PPy-MWCNT) nanocomposites were chemically synthesized via in situ oxidative polymerization of pyrrole. Ammonium peroxydisulfate and p-toluenesulfonic acid were used as an initiator and surfactant dopant, respectively. The molar ratio of monomer unit to initiator and dopant was 1:1:1, and the percentage of MWCNT in PPy varied from 1 to 10 wt.%. PPy-MWCNT nanocomposites were characterized to study chemical structure, morphology, thermal, electrical, and surface properties. To accomplish this, the samples have been characterized by Fourier transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy, thermogravimetric analysis, four probe resistivity method, and atomic force microscopy. The results showed that PPy-MWCNT nanocomposites were successfully synthesized via in situ oxidative polymerization method, and also, electrical conductivity of nanocomposites was increased when the content of MWCNT increase.
Background
It appears that one of the most important group of materials are the conducting polymers with a vast field of applications from primarily passive materials such as coatings and containers to active materials with useful optical, electronic, energy storage, and mechanical properties. They are synthesized either by reduction or oxidation reaction, which is called doping process. Among several conducting polymers, polypyrrole (PPy) has attracted much attention from researchers due to its unique properties such as high conductivity, simple methods of preparation, simply synthesis as a composite matrix, stability, and good mechanical properties. Due to these exceptional properties, it has many potential applications in electronic and electrochromic devices, corrosion protection, rechargeable and lightweight batteries, drug delivery, membrane separation, supercapacitors, and sensors [1] [2] [3] [4] .
PPy was first synthesized by chemical polymerization during the early nineteenth century [5] . It was found insoluble in most of the common solvents due to the strong interchain interaction. Usually in chemical polymerization, oxidative agents initiate the chemical reaction. Such a method allows us to categorize oxidative polymerization of pyrrole as a new area in cationic polymerization, in which the conditions of initiation, propagation, and termination of the chains can be said by means of the electrochemical potential of the system. Oxidative polymerization exemplifies a new means to access conducting polymers, and it is one of the important green chemistry processes to prepare multifunctional polymers. This method has been widely used to prepare different types of conducting polymers [6, 7] and their different derivatives [8] .
PPy can be made chemically through oxidative polymerization of pyrrole. In this neutral state of the PPy, it is not conductive and only becomes conductive when it is oxidized [9] . The charge related with the oxidized state is naturally delocalized over some pyrrole units and can form a radical polaron or a bipolaron [10] .
It has also been recognized to be very easy to prepare PPy particles of different sizes ranging from micrometers to nanometers with the addition of different dopants [11] . Nevertheless, PPy provides suitable properties, but to adjust the polymer attributes and attain excellent properties, they have been used in composites structure by combining with nanoparticles such as carbon nanotubes (CNT) [12, 13] . In general, nanocomposite materials with CNT can show different mechanical, electrical, optical, electrochemical, catalytic, and structural properties than those of each individual component. The multifunctional behavior for any specific property of the material is often more than the sum of the individual components [2] . CNT also have received important concentration for their unique mechanical, electrical, thermal, and magnetic properties that have been used in the field of nanocomposites materials, nanodevices, and so on [4] . The large specific area and aspect ratio of multiwall carbon nanotubes (MWCNTs) have made them efficient as conductive fillers in polymers [14] .
In this work, PPy-MWCNT nanocomposites were prepared via in situ chemical oxidative polymerization, and the content of MWCNTs in the composites varied from 1 to 10 wt.%. The impact of different contents of MWCNTs on the structures and properties of the PPy-MWCNT nanocomposites were deeply discussed based on the results from Fourier transform infrared spectroscopy (FT-IR), Xray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and atomic force microscopy (AFM). Also, the effect of MWCNTs on the electrical properties and electrical temperature dependence of nanocomposites were talked over.
Methods

Materials
Multiwall carbon nanotubes (with 10 to 20 nm diameter, 30 μm length, and density 2.1 g/cm3) made by chemical vapor deposition were provided by the Petroleum Research Institute of Iran. The purity of the MWCNTs was reported to be 97%. Pyrrole monomer was purchased from Merck, Whitehouse Station, NJ, USA, and purified under low pressure before reaction. Ammonium peroxydisulfate (APS), p-toluenesulfonic acid (p-TSA), and N-methyl-pyrrolidone (NMP) were obtained from Merck and used in our experiment as received. All other chemicals and solvents were of analytical grade and were used without any further purification.
Synthesis of PPy-MWCNT nanocomposites
The nanocomposites of PPy-MWCNT were synthesized by oxidation polymerization. In a typical procedure, 3.19 g (0.014 mol) of APS was dissolved in 75 ml distilled water and stirred for 10 min. A solution of p-TSA in water (2.66 g (0.014 mol) of p-TSA in 25 ml water) was added to the aqueous solution of APS and stirred for 15 min. Pyrrole (1 ml (0.014 mol)) was mixed to 25 ml water and then 0.0096 g of MWCNTs was added to the pyrrole solution and ultrasonicated for 10 min. Then, mixture was added slowly to the vessel containing APS/p-TSA solution and stirred about 4 h at room temperature. The black sediment was washed with ethanol and distilled water consequently until the filtrate was colorless. Then, the specimens were dried under vacuum at 60°C for 48 h. Several PPy-MWCNT nanocomposites were synthesized with different weight percent of MWCNTs. For comparison, the pure PPy was also synthesized in the similar manner and used as reference. Also, to study the surface AFM analysis and film formation property of PPy and PPy-MWCNT (5%) nanocomposites in air, several films were prepared according to this procedure: about 0.3 g of nanocomposites was added to 2 ml of NMP and then stirred for 24 h. Two drops of solution was poured to the prerinsed glass substrate and dried under 40°C for 12 h.
Results and discussion
To characterize the chemical structure of synthesized nanocomposites, the FT-IR was carried out. Figure 1 shows the FT-IR spectra of PPy-MWCNT nanocomposites and pure PPy that was synthesized by in situ chemical oxidative polymerization. The spectra of nanocomposites powder was obtained with KBr in pellet form. As can be seen in Figure 1 , the spectra of nanocomposites are similar to that of the pure PPy. The chief distinctive bands of PPy seen in the spectra of nanocomposites are as follows. The peak at approximately 3,417 cm −1 is attributable to the hydrogenbonded N-H stretching vibration [15] . The peaks at approximately 1,615 cm −1 and approximately 1,547 cm
could be attributed to C-N and C-C asymmetric and symmetric ring stretching, respectively [16, 17] . Additionally, the peak near approximately 1,168 cm −1 presents the doping state of PPy [4, 18] , and the peak at approximately 1,039 cm −1 is attributed to the C-H in plane deformation and N-H stretching vibration. Inclusion of MWCNT in PPy results in shifting of the peaks. It reveals the interaction of MWCNT with different reaction sites of PPy. The FT-IR results indicate that N-H, C-H, and C-C become weaker, and C-N band becomes stronger in the nanocomposites [4] which confirms the formation of C-N bands between PPy and MWCNTs.
TGA of PPy-MWCNT nanocomposites have been performed in the temperature range of 25°C to 550°C. The TGA diagram of PPy-MWCNT nanocomposites and pure PPy were illustrated in Figure 2 . As can be seen, there are three steps of weight loss for PPy and PPy-MWCNT samples. The first step of weight loss occurred at 50°C to 75°C which may be due to the loss of humidity, and about 10% weight loss occurs. A very small weight loss can be seen around 190°C which can be due to the loss of oligomers molecules [19] . The second step of weight loss occurs between 200°C and 400°C which may be due to the loss of a dopant. The third step of weight loss over the temperature range 400°C to 550°C is due to the thermal decomposition of PPy into a number of chemical forms. Weight loss that is equal and less than 41% occurs at 550°C for pure PPy and PPy-MWCNT nanocomposites, respectively. Thermal stability of nanocomposites grows partly with increasing MWCNT percentage. However, improvement of thermal stability is not significant due to low weight percent of MWCNTs [4] .
The crystallographic arranges of samples are characterized using XRD measurements. Figure 3 shows the XRD pattern of PPy-MWCNT nanocomposites and PPy performed at room temperature. The samples were found to be amorphous in nature that is in accordance with the founding of other researchers [16, 20] . The XRD pattern of MWCNT is published elsewhere [15] , and it shows a sharp, high intensity peak at 2θ = approximately 26°and two lower intensity peaks at 2θ = approximately 45°and 62°, which are ascribed to the diffraction signature of the distance between the walls and the interwall spacing [4, 15] . In the case of PPy, peaks appear near 2θ = approximately 22°and approximately 26°, which are attributed to the periodicity parallel and perpendicular to the polymer chains [15, 21, 22] . For PPy-MWCNT nanocomposites, the X-ray patterns exhibit both the characteristic peaks of PPy and that of MWCNTs, showing the presence of MWCNT in PPy. The peak at 2θ = approximately 26°for PPy-MWCNT nanocomposites is wider than that of the pure PPy due to the peak of MWCNT at 2θ = approximately 26°that has been merged with the peak of PPy. This indicates that the difference between the patterns of PPy and nanocomposites should be mainly indebted to the stand of the peaks of PPy and MWCNTs [15, 18, 23, 24] .
For electrical property studies, PPy and PPy-MWCNT nanocomposites were pressed into cylinder pellet formed under 10 MPa pressure. Then, the conductivity has been measured by a DC voltage/current detector with four probe standard methods at room temperature. The data reported based on the average value of four measurements. The conductivity of nanocomposites has been illustrated vs. MWCNTs weight fraction in Figure 4 . As can be seen, the conductivity increases by increasing the MWCNTs content. The structure of the PPy-MWCNT nanocomposites is likely to contribute to the electrical conductivity improvement in the following ways [24] . First, because of the large surface area of MWNCTs, they may act as conducting bridge connecting PPy conducting domains and increasing the effective penetration [25] . Second, the FT-IR observations suggest that the interaction between PPy and MWCNTs could be responsible for higher conductivity than the starting components [24, 26] .
In order to gain an understanding to the conductivity percolation threshold, a mathematical function fit was plotted to the experimental values. In mathematics, percolation theory defines the behavior of connected clusters in a random graph [27] . Equation 1 shows the percolation threshold equation:
where P and P c are the weight fractions of MWCNTs in the nanocomposite and at the percolation threshold, respectively, t is the percolation exponent (it has a theoretical value of 2 for percolation), and σ 0 is the constant related to the bulk conductivity of MWCNTs (i.e., at P = 1, σ = σ MWCNTs ) [28] . Table 1 indicates the extracted values from conductivity curve. As can be seen clearly, there is a good agreement between experimental and theoretical values (t = 2.62). The threshold value for PPy-MWCNT was calculated to be around 4.8%. It seems that the threshold percolation for the conducting matrix (i.e., PPy) in comparison with insulating matrix occurs at higher weight percentage of MWCNTs. It is well known that below the percolation threshold, there is less growth in the conductivity value than above it. For values much greater than percolation threshold, the conductivity was affected to the infinite value [10] .
Temperature dependence of conductivity
Three-dimensional (3D) charge transport mechanism is appropriate for clarifying the temperature dependence of dc conductivity. The temperature dependence of the dc conductivity for conducting polymers tends to follow 3D variable range hopping (3D VRH) model's prediction (Equation 2) [10, 29] :
where σ 0 and T mott are the conductivity at infinitive temperature and characteristic temperature, respectively.
From the 3D VRH model [30] : ), and α is the coefficient of exponential decay of the localized length (cm).
To improve the hint about the temperature dependence of dc conductivity of the PPy-MWCNT nanocomposites, the temperature deviation of dc conductivity have been measured contained by a range 80 < T < 300 K. The values Table 1 Values from Figure 4 in percolation threshold equation
353.94 0.045 2.62 Figure 5 Temperature conductivity dependence of PPy and PPy-MWCNT nanocomposites.
of conductivity at room temperature have been shown in Figure 4 . Resistivity decreases with the combination of MWCNTs in the PPy environment. PPy behaves as a good electron donor though MWCNTs which are somewhat good electron acceptors. Therefore, there are some associations among the quinoid rings of PPy and MWCNTs which facilitate the charge transfer between the two components [4, 17] . The localization length in MWCNTs is around 10 nm due to the presence of a large π-conjugated structure and hence has a high conductivity [4] . However, in the case of PPy, the localization length has been found to be only 1.55 nm based on our experimental data. Such a small value of localization length results in a relatively poor conductivity. This value is consistent with the values (1 to 2 nm) reported by other investigators [10] . Thus, the strong coupling between the MWCNTs and the PPy chains enhances the average localization length and hence conductivity increases for the nanocomposites. Figure 5 shows a plot of ln(σ) vs. (T) −1/4 in which it could be seen that their dependency is linear. Figure 6 indicates the FESEM micrograph of PPy-MWCNT nanocomposite with 0% MWCNTs (a) and 10% MWCNTs (b). As shown by the SEM images, PPy displays a typically cauliflower-like morphology (a) [17, 31] . The particle size of PPy was about 150 to 300 nm with orbicular morphology. This value is consistently reported by other investigators [32] . While XRD configurations specify the existence of MWCNTs in the nanocomposite, the MWCNTs are obscured by means of SEM image (Figure 3 ), which is comparable to the previous reports for the conventional oxidative polymerized PPy-MWCNTs nanocomposite with 10 wt.% MWCNTs [33] . The nanocomposite with 10% MWCNTs (b) indicate both almost spherical collective particles and some unpackaged morphology [16, 34, 35] . Consequently, the FESEM results elucidate the presence of MWCNTs in nanocomposites, and the reactions are remarkably down between MWCNTs and PPy. AFM imaging of nanocomposite coated glass slides was performed to gain understanding of the topography and roughness of the films. AFM images were mapped using a commercial Solver Next AFM instrument from the NT-MDT, Zelenograd, Russia. All mappings were performed in air at room temperature with relative humidity between 20% and 30%. Figure 7 illustrates 2 × 2 μm AFM images of PPy and PPy-MWCNT (5%) nanocomposite.
As can be deduced from the scales of the two images, the height of the protuberances detected in pure PPy is significantly lower than that obtained for the PPy-MWCNT (5%). Furthermore, the average roughness determined for PPy and PPy-MWCNT (5%) films is 54 and 96 nm, respectively. To rationally understand height values, histogram plots of height images were extracted and normal (Gaussian) distribution of spectrums was attained. Equation 4 shows a single normal (Gaussian) distribution function:
where A is a constant number, y symbolizes the number of counts, w is the standard deviation, x represents the height value, and x c is the mean value parameters [10, 36] . Figure 8 indicates the histogram plots of the number of counts vs. height for PPy-MWCNT (5%) and PPy. The narrowness of the histograms relevant to MWCNTs containing PPy indicates that the roughness of the surface varies much less than the MWCNT free sample. Evidently, it relates to the presence of MWCNTs in the specimen. However, it can be seen clearly that the number of the pores per unit area is more populated in the case of MWCNTs containing composite. Table 2 shows the extracted normal distribution parameters (w and x c ) from height histograms. It can be seen that the standard deviation for PPy-MWCNT is less than the PPy due to the much better interaction of PPy into the MWCNTs surrounding [37] . The increase of the surface roughness is due to the formation of a larger aggregation of MWCNTs as their concentration increases within PPy. The AFM images clearly exhibit a great dependence of the surface topography on the state of MWCNTs incorporation into the polymer matrix.
Conclusions
In this work, polypyrrole MWCNT nanocomposites have been synthesized successfully by in situ chemical oxidative polymerization method. Structural, morphological, thermal stability, and conductivity studies have been performed for pure PPy and the combination of PPy-MWCNT. The results showed that PPy and PPy-MWCNT nanocomposites were successfully synthesized by in situ oxidation polymerization method. The electrical conductivity of nanocomposites increases with increasing wt.% MWCNTs. The conductivity temperature dependence test showed a strong interaction between the MWCNTs and PPy chains which increases the average localization length so that conductivity increases for the nanocomposite samples. FESEM results confirmed a typically cauliflower-like and orbicular morphology for PPy and PPy-MWCNT nanocomposites. AFM studies indicate a more roughness for PPy-MWCNT (5%) film than pure PPy and also show interaction between PPy and MWCNTs. More significantly, the oxidative polymerization method seems to be a promoting and effective method that could be readily used for the large scale preparation of the PPy-MWCNT nanocomposites. This method represents a potential application in the production of the polymer-MWCNT nanocomposites. 
